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Abstract Epidemiologic studies have strongly implicated
genetics in smoking behavior. Genes in the dopaminergic
system, which mediates the reinforcing and dependence-
producing properties of nicotine, are plausible candidates
for roles in nicotine dependence (ND). In this study, we
examined Wve single-nucleotide polymorphisms (SNPs)
within or near the dopamine D1 receptor gene (DRD1) for
their association with ND, which was assessed by smoking
quantity (SQ), the Heaviness of Smoking Index (HSI), and
the Fagerström Test for ND (FTND). The samples were
obtained from 2,037 participants representing 200 Euro-
pean American (EA) and 402 African American (AA) fami-
lies. Although we found signiWcant associations of SNPs
rs265973, rs686, and rs4532 in the AA sample; of rs4532 in
the EA sample; and of rs265975, rs686, and rs4532 in the
pooled sample with various ND measures, only the associa-
tion of rs686 in the AA sample and of rs686 and rs4532 in
the pooled sample remained signiWcant after correction for

multiple testing. Haplotype-based association analysis
revealed that haplotype C-T-A, formed by rs265973,
rs265975, and rs686, was signiWcantly associated with all
three ND measures in both the AA and the pooled sample.
Another haplotype, T-A-T, formed by rs265975, rs686, and
rs4532, showed a signiWcant association with FTND in the
pooled sample. Furthermore, in a luciferase reporter assay,
rs686, located in the 3� untranslated region, caused diVeren-
tial luciferase activities, indicating that rs686 is a functional
polymorphism aVecting expression of DRD1.

Introduction

Nicotine dependence (ND) is highly prevalent and destruc-
tive throughout the world. According to the World Health
Organization (WHO 2005), approximately 1.3 billion peo-
ple worldwide smoke tobacco or related products, and
tobacco smoking is responsible for the deaths of approxi-
mately 5 million people annually, which makes tobacco use
a serious international health problem. Like other forms of
substance dependence, ND has been demonstrated to be
heritable, with an estimated heritability of at least 50% in
individual diVerences in liability to ND (Li et al. 2003;
Sullivan and Kendler 1999). Thus, identiWcation of suscep-
tibility genes for ND will provide insight into the etiology
of nicotine addiction, and deeper understanding of the
genetic risk factors for ND will be of great social and eco-
nomic value. Considerable eVort has been expended
through linkage and association approaches to elucidate the
speciWc genes involved in ND (Ho and Tyndale 2007; Li
2006; Li et al. 2004).

Nicotine is the primary addictive component of tobacco
smoke that stimulates release of the neurotransmitter dopa-
mine from neurons in the ventral tegmental area, an action
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thought to underlie smoking’s rewarding eVects (Nisell
et al. 1994; Pontieri et al. 1996). The dopaminergic path-
way in the brain plays a prominent role in the pathogenesis
of ND as well as in addiction to other drugs. In conse-
quence, a great deal of attention has been devoted to deter-
mining whether variation in genes with dopaminergic
function could account for the heritable variation in suscep-
tibility to ND (Ho and Tyndale 2007; Li 2006; Li et al.
2004). As dopamine receptors mediate the eVects of dopa-
mine, they are candidates for genetic study of ND. Five
dopamine receptors have been identiWed and characterized
in human and have been classiWed into two groups: D1-like
(D1 and D5) and D2-like (D2, D3, and D4). In this study, we
focused on DRD1 to determine whether it is associated with
ND.

Gene DRD1 is located at chromosome 5q35.1 and con-
tains two exons separated by a small intron in the 5�

untranslated region (UTR). In genome-wide linkage scans,
a region near DRD1 showed signiWcant linkage to cigarette
consumption and smoking initiation (Duggirala et al. 1999;
Saccone et al. 2003; Vink et al. 2006), and DRD1 has been
suggested as a potential target for ND by both Duggirala
et al. (1999) and Vink et al. (2006). However, so far, only
one study found an association of the DdeI polymorphism
(called rs4532 in the NCBI dbSNP database and this study)
in DRD1 with current smoking (Comings et al. 1997). The
DdeI polymorphism is an A!G transition in the 5� UTR
(A-48G), one of four polymorphisms initially identiWed by
single-strand conformational analysis of DRD1 (Cichon
et al. 1994). The other three are BstN1 (G-94A) in the 5�

UTR, rare and synonymous PvuI (G1263A) for codon 421,
and Bsp1286I (T1403C) in the 3� UTR (called rs686 in the
NCBI dbSNP database and this study). Although several
other polymorphisms around DRD1 were identiWed later,
none resulted in a change of an amino acid residue. Cichon
et al. (1996) screened the 5� Xanking regulatory region of
DRD1 but found no polymorphism to have an important
inXuence on the transcriptional activity.

In addition to ND, polymorphisms within or near DRD1,
especially the DdeI polymorphism (rs4532), have been
studied widely for genetic association with other neuropsy-
chiatric diseases (Wong et al. 2000). Although most of
them failed to show association, some have been revealed
to be signiWcantly associated with bipolar disorder (Del
Zompo et al. 2007; Severino et al. 2005), attention deWcit
hyperactivity disorder (ADHD) (Bobb et al. 2005; Misener
et al. 2004), and alcoholism (Kim et al. 2007; Limosin et al.
2003). As yet, little evidence for functional polymorphisms
of DRD1 has been reported.

To investigate whether DRD1 is associated with ND, we
examined Wve single-nucleotide polymorphisms (SNPs)
within or near DRD1 in our family-based association study.
We not only provide evidence for signiWcant association of

DRD1 with ND but also reveal that rs686 represents a caus-
ative polymorphism.

Materials and methods

Subjects

We recruited the participants in this study, who were of
either African American (AA) or European American (EA)
origin, primarily from the Mid-South states in the USA
from 1999 to 2004, a group we refer to as the “Mid-South
Tobacco Family (MSTF)” cohort (Beuten et al. 2006, 2007;
Li et al. 2005, 2007). The cohort includes 2,037 subjects in
602 nuclear families, with 671 subjects in 200 EA families
and 1,366 subjects in 402 AA families. The detailed demo-
graphic and clinical characteristics of the participants have
been described (Beuten et al. 2006, 2007; Li et al. 2005,
2007). All participants provided informed consent. The
study protocol and forms/procedures were approved by all
participating Institutional Review Boards.

For each smoker, the degree of ND was ascertained by
three commonly used measures: Smoking Quantity (SQ;
deWned as the number of cigarettes smoked per day), the
Heaviness of Smoking Index (HSI; 0-6 scale), and the Fag-
erström Test for ND (FTND; 0–10 scale) (Heatherton et al.
1991). All three measures have been used consistently in
our previously reported genetic studies on ND (Beuten
et al. 2007; Beuten et al. 2006; Li et al. 2005; Li et al.
2007).

DNA extraction, SNP selection, and genotyping

Each genomic DNA sample was extracted from peripheral
blood using the Maxi blood DNA extraction kit from
Qiagen (Valencia, CA, USA). Five SNPs were selected
from the NCBI dbSNP database to cover the whole region
of DRD1. Published reports on DRD1 polymorphisms,
minor allele frequency, functional potential, and validation
were considered in SNP selection. Information on these
SNPs, including their IDs, allelic variants, contig positions,
heterozygosities, and site functions, was obtained from the
NCBI dbSNP database (Table 1). The TaqMan primer/
probe set designed for each SNP allele was purchased from
Applied Biosystems (Foster City, CA, USA), and their
sequences are also provided in Table 1. The PCRs for geno-
typing were performed in a 384-well microplate format
with TaqMan universal PCR master mix and a standard
ampliWcation protocol as routinely used by our laboratory
(Beuten et al. 2006, 2007; Li et al. 2005, 2007). The
following allelic discrimination analysis was carried out
using the ABI Prism 7900HT Sequence Detection System
(Applied Biosystems).
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Individual SNP- and haplotype-based association analysis

The PedCheck program (O’Connell and Weeks 1999) was
used to identify any inconsistent Mendelian inheritance,
nonpaternity, or genotyping errors. Among over than
10,000 assays, 22 inconsistencies (12 in the AA samples,
0.18%; and 10 in the EA samples, 0.3%) were detected and
were excluded from the following association analyses. To
verify data quality, we also checked the genotyping results
for any signiWcant departure from Hardy–Weinberg equi-
librium (HWE). Individual SNP association was deter-
mined by the Pedigree-Based Association Test (PBAT)
program with generalized estimating equations (Lange
et al. 2004). Pair-wise linkage disequilibrium (LD) between
all SNP markers was evaluated by the Haploview program
(Barrett et al. 2005) with the option of determining haplo-
type blocks according to the criteria deWned by Gabriel
et al. (2002). Haplotype-based association was identiWed by
the Family-Based Association Test (FBAT) program with
the option of computing P values of the Z statistic using
Monte Carlo sampling (Horvath et al. 2004). The AA and
EA samples were analyzed separately, with sex and age
included as covariates in both PBAT and FBAT analysis.
Additional ethnicity covariate was employed in analysis of
the pooled sample. All three ND measures were analyzed
under the additive model. All associations found to be sig-
niWcant were corrected for multiple testing according to the
SNP spectral decomposition (SNPSpD) approach (Nyholt
2004) for individual SNP analysis, and using Bonferroni
correction by dividing the signiWcance level by the number
of major haplotypes (frequency >5.0%) for haplotype-
based association analysis.

Vector construct, cell transfection, and luciferase assay

The 3� UTR of DRD1 was PCR ampliWed from a human
genomic DNA with the following primers: 5�-acgttctagaa
ctcgcagatgaatcctg-3� (forward) and 5�-acgttctagaagttacacat
gaacatttag-3� (reverse), on the basis of a cDNA sequence of
X58987 from GenBank. The fragment of 726 basepairs was
cloned into the XbaI site of the pGL3-Promoter vector
(Promega, Madison, WI, USA; designated pLuc hereafter)
and was sequenced to be a T-allele-containing 3� UTR
(pLuc-3UTR/T). The C-allele 3� UTR-containing vector
(pLuc-3UTR/C) was obtained by a site-directed mutation
using the QuikChange II XL mutagenesis kit (Stratagene,
La Jolla, CA, USA) and the following designed primers: 5�-
gaggagattgctctggggcttgctattaagaaactaag-3� (forward) and
5�-cttagtttcttaatagcaagccccagagcaatctcctc-3� (reverse). All
constructs were conWrmed by DNA sequencing.

The human neuroblastoma SH-SY5Y cell line was pur-
chased from the American Type Culture Collection
(Manassas, VA, USA) and cultured as suggested by the
vendor. The transfections were carried out with Lipofect-
amine 2000 from Invitrogen (Carlsbad, CA, USA), accord-
ing to the manufacturer’s protocol. Luciferase activities in
cells after 48 h of transfection were analyzed using the
Luciferase Assay System with the 20/20n luminometer
method (Promega). The two allele constructs, pLuc-3UTR/
C and pLuc-3UTR/T, were compared with pLuc as a con-
trol. For each plasmid construction, quadruplicate transfec-
tions were performed. Their luciferase activities were
assayed separately and then averaged in each experiment.
Three independent experiments were conducted for
replication.

Table 1 SNP characteristics and sequences of TaqMan probes designed for allele detection

All SNP information is obtained from NCBI SNP database

SNP no. dbSNP ID Allele Heterozygosity Contig position 
(NT_023133)

SNP location Sequences for allele detection (5�¡3�)

1 rs265973 C/T 0.493 19670285 3� near gene F: GACCCTAGGAGCAAGCAATGTTATTA

R: GGCAATAAGGTGAGGGTTCTAGTTT

P: CTGGTCATAG/ATACCTTC

2 rs265975 C/T 0.493 19671781 3� near gene F: AGTAAGCCATCTCCCTGTTTTGTT

R: GGGTAGAGTGTAAGAAAACGTTTGAGA

P: AAAAACACGG/ACCTTGTG

3 rs686 A/G 0.453 19678286 Exon 2 (3� UTR) F: TCAGAGTCTCACCGTACCTTAGTTT

R: CCCAAAAGCTAGAGGAGATTGCT

P: CTTAATAGCAAA/GCCCC

4 rs4532 C/T 0.370 19679736 Exon 1 (5� UTR) F: AGCAATCTGGCTGTGCAAAGT

R: CATCTTCCTAAGAGAAAGCACATCAG

P: CCTGCTTG/AGGAACT

5 rs2168631 A/G 0.428 19685588 5� near gene F: GTGTTTTCTATTGTTGCACCTGCTC

R: CTACTCAGTTAAGCCTATAAAAGGCAGAA

P: TTCGTTCCA/GTTTTTC
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Results

rs686 and rs4532 in DRD1 are signiWcantly associated 
with ND

We genotyped Wve SNPs, two within and three near DRD1.
The tests for HWE indicated that no SNP deviated signiW-
cantly from HWE in either the AA or EA sample (mini-
mum P = 0.17 and 0.50 for the AA and EA samples,
respectively), conWrming the high quality of the genotyping
data. The minor allele frequency of each SNP in the AA,
EA, and pooled subjects is shown in Table 2. In light of the
ethnic-speciWc characteristics of SNPs among ethnic
groups (Gabriel et al. 2002; Wall and Pritchard 2003) and
the known ethnic diVerences in ND and nicotine metabo-
lism (Benowitz et al. 1999; Perez-Stable et al. 1998), we
performed separate association analysis on each ethnic
sample as well as on the pooled sample.

Of Wve SNPs examined, rs265973 was signiWcantly
associated with SQ (P = 0.041); rs686 with SQ (P = 0.0078),
HSI (P = 0.0093), and FTND (P = 0.0048); and rs4532
with FTND (P = 0.035) in the AA sample. However, only
the association of rs686 with the three ND measures
remained signiWcant after correction for multiple testing on
the basis of the SNPSpD approach (Nyholt 2004) (Table 3).

In the EA sample, we found a signiWcant association only
of rs4532 with FTND prior to correction for multiple test-
ing (P = 0.035). In the pooled sample, we found signiWcant
associations of rs265975, rs686, and rs4532 with all three
ND measures, and the associations of rs686 and rs4532
with HSI and FTND remained signiWcant even after correc-
tion for multiple testing (Table 3).

Further, we performed haplotype-based association
analysis for these Wve SNPs. We Wrst evaluated pair-wise
LD among them with Haploview (Barrett et al. 2005) to
deWne haplotype blocks according to the criteria speciWed
by Gabriel et al. (2002). Unexpectedly, we detected no hap-
lotype block in LD structures from our AA, EA, and pooled
samples, even though some of these SNPs are only approx-
imately 1.0 kb apart (Fig. 1). We then employed the FBAT
program (Horvath et al. 2004) to assess ND association
with all three contiguous SNPs using a sliding window
approach (Lin et al. 2004). As shown in Table 4, our haplo-
type-based association analysis revealed a haplotype, C-T-A,
formed by rs265973–rs265975–rs686, that was signiWcantly
associated with all three ND measures in AAs (frequency =
21%; number of families = 148; Z = ¡3.3; P < 0.001) as
well as in the pooled sample (frequency = 19%; number of
families = 190; Z = ¡3.0; P < 0.005). All these associations
remained signiWcant after Bonferroni correction for all
major haplotypes. In addition, we found that another haplo-
type, T-A-T, formed by rs265975–rs686–rs4532, yielded
signiWcant associations with all three ND measures in the
pooled sample. However, only the association with
FTND remained signiWcant after Bonferroni correction for
all major haplotypes (frequency = 32%; number of
families = 274; Z = ¡2.8; P = 0.0055; Table 4).

rs686 alters reporter gene expression

The results from both PBAT and FBAT analyses implied
that the rs686 polymorphism is a causative locus for the
association of DRD1 with ND. Sequence analysis indicated

Table 2 Minor allele frequencies of polymorphisms in AA, EA, and
pooled samples

a Second allele is listed as minor allele unless noted in parentheses

SNP no. dbSNP ID Allelea AA EA Pooled

1 rs265973 C/T 0.41 0.45 0.42

2 rs265975 T/C 0.37 0.38 (T) 0.44

3 rs686 A/G 0.42 0.36 (A) 0.48

4 rs4532 T/C 0.12 0.35 0.18

5 rs2168631 A/G 0.25 0.18 0.23

Table 3 P values for association of individual SNPs with three ND measures in AA, EA, and pooled samples under additive model

SigniWcant P values after correction for multiple testing are given in bold. The adjusted P value at the 0.05 signiWcance level is 0.010 for AAs,
0.013 for EAs, and 0.011 for pooled sample. Age and sex were included as covariates for each ethnic-speciWc sample. Additional ethnicity was
adjusted for pooled sample

SNP no. dbSNP ID AA EA Pooled

SQ HSI FTND SQ HSI FTND SQ HSI FTND

1 rs265973 0.041 0.059 0.056 0.78 0.93 0.89 0.065 0.10 0.13

2 rs265975 0.14 0.076 0.063 0.16 0.17 0.098 0.041 0.025 0.015

3 rs686 0.0078 0.0093 0.0048 0.77 0.50 0.35 0.017 0.010 0.0040

4 rs4532 0.080 0.073 0.035 0.16 0.068 0.035 0.025 0.0097 0.0026

5 rs2168631 0.78 0.94 0.77 0.28 0.37 0.34 0.44 0.62 0.81
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that rs686 is located in the 3� UTR and that the regional
sequence around rs686 is conserved among human, mouse,
and rat (Fig. 2a). Because the 3� UTR has been recognized
as a regulatory element of messenger RNA (mRNA) for
post-transcriptional gene regulation, we used a luciferase
reporter assay to investigate whether rs686 variant causes
diVerential gene expression.

We cloned the full-length 3� UTR of DRD1 and fused it
with the WreXy luciferase gene to form a chimeric reporter
gene (Fig. 2a). The reporter assay in human neuroblastoma
SH-SY5Y cells demonstrated that the chimeric reporter
gene bearing a DRD1 3� UTR with the rs686/G allele was
associated with a signiWcant lower luciferase activity
(»27%; P < 0.05) than the one containing the rs686/A
allele; and that both chimeric reporter genes yielded signiW-
cantly lower luciferase activities (»50%; P < 0.01) than the
control without the DRD1 3� UTR (Fig. 2b). This indicates
that the 3� UTR is functionally involved in regulation of
DRD1 expression, and that DRD1 with the rs686/A allele
has a higher expression level than does DRD1 with the
rs686/G allele.

Discussion

In this study, we Wrst demonstrated that rs686 in DRD1 is
signiWcantly associated with ND in AAs, whereas rs686
and rs4532 are signiWcantly associated with ND in the
pooled sample. We then showed that haplotype C-T-A,
formed by rs265973–rs265975–rs686, is signiWcantly asso-
ciated with ND in both AA and pooled samples, and that
another haplotype, T-A-T, formed by rs265975–rs686–
rs4532, is signiWcantly associated with FTND in the pooled
sample. Finally, we provided evidence that rs686 variant
causes a diVerential expression of a chimeric reporter gene
bearing the DRD1 3� UTR, suggesting that rs686 is a func-
tional polymorphism aVecting dopamine D1 receptor
expression.

The D1 receptor is one of the major receptors in the brain
that mediate the actions of the neurotransmitter dopamine
in a variety of psychomotor functions. Because of the sug-
gestive evidence of dopaminergic system dysfunction and its
role in the pathogenesis of neuropsychiatric disorders, DRD1
has been one of the genes investigated most extensively

Fig. 1 Haploview-generated 
LD patterns of Wve SNPs within 
or near DRD1 in AA, EA, and 
pooled samples. Number in each 
box represents D� value for each 
SNP pair

Table 4 Z scores and permutated P values for haplotype association of consecutive three SNPs with ND measures under additive model

SigniWcant Z scores and permuted P values are shown in bold. Adjusted permutation P value at the 0.05 signiWcance level after Bonferroni correc-
tion for Wve major haplotypes is 0.010. Age and sex were included as covariates for each ethnic-speciWc sample. Additional ethnicity was adjusted
for pooled sample
a SNP no. instead of dbSNP ID is used here
b Haplotype frequency

Haplotypea AA EA Pooled

1 2 3 4 5 %b SQ HIS FTND %b SQ HSI FTND %b SQ HSI FTND

C T A 21 ¡3.4 ¡3.3 ¡3.3 16 ¡0.034 ¡0.019 ¡0.024 19 ¡3.1 ¡2.9 ¡2.9 

0.00059 0.00094 0.00086 0.97 0.98 0.98 0.0021 0.0036 0.0039

T A T 32 ¡1.8 ¡1.6 ¡1.8 31 ¡1.5 ¡2.0 ¡2.2 32 ¡2.4 ¡2.5 ¡2.8

0.066 0.11 0.070 0.12 0.049 0.025 0.015 0.014 0.0055

A T A 16 ¡1.9 ¡1.9 ¡1.7 17 ¡0.8 ¡0.9 ¡0.9 16 ¡2.0 ¡2.0 ¡1.9

0.060 0.061 0.081 0.41 0.39 0.37 0.050 0.049 0.062
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in these diseases. Recently, molecular genetic analysis
revealed that DRD1 is associated with bipolar disorder (Del
Zompo et al. 2007; Severino et al. 2005), ADHD (Bobb
et al. 2005; Misener et al. 2004), ND (Comings et al. 1997),
and alcohol dependence (Kim et al. 2007; Limosin et al.
2003). The DdeI (A-48G) polymorphism in the 5� UTR
(rs4532) has been reported to be signiWcantly associated
with compulsive, addictive behaviors (Comings et al. 1997;
Kim et al. 2007; Limosin et al. 2003). In contrast, the
Bsp1286I (T1403C) polymorphism in the 3� UTR of DRD1
(rs686) has not been associated with alcoholism (Sander
et al. 1995) or ND.

For the Wrst time, we demonstrated here that both the
rs4532 and the rs686 polymorphisms are signiWcantly asso-
ciated with ND. For rs4532, the signiWcant association with
FTND was shown in our ethnic-speciWc and pooled sam-
ples. However, the signiWcance levels in the AA and EA
samples were much weaker than that in the pooled sample,
probably because of the larger size of the pooled sample.

With a larger size and greater statistical power in the pooled
sample, we were able to detect a more signiWcant associa-
tion of rs4532 with ND. For rs686, signiWcant associations
with all three ND measures were found in both the AA and
the pooled samples, but not in the EA sample. In the haplo-
type-based analysis, we also revealed signiWcant associa-
tion of haplotype C-T-A, formed by rs265973–rs265975–
rs686, with all three ND measures in the AA and pooled
samples, but not in the EA sample. This is largely attribut-
able to the diVerent ethnic-speciWc characteristics of
rs265975 and rs686 (see their minor allele frequency diVer-
ences in Table 2). Of interest, the Z scores of all three
haplotypes in Table 4 were revealed to be negative, indicat-
ing that these haplotypes are protective against ND.

Both the rs4532 and the rs686 polymorphisms have base
changes outside the coding region of DRD1. Because of
their unknown functions, their associations, if real, might
reXect LD with other polymorphisms in regions at or near a
locus that aVects DRD1 function or density (Comings et al.
1997). However, to date, no polymorphisms have been
found to change the amino acid sequence in the DRD1 cod-
ing region, and no polymorphisms of the 5� Xanking regu-
latory region of DRD1 have been revealed to have an impact
on the transcriptional activity (Cichon et al. 1996). Thus,
we suspect that polymorphisms located within the 5� UTR
and 3� UTR of DRD1 are likely to aVect DRD1 expression.
By using an in vitro reporter assay, we demonstrated that
the allele variants of polymorphism rs686, located in 3� UTR
of DRD1, produced diVerent expression levels of the
chimeric luciferase gene, implying that rs686 is functional
in DRD1 expression. Besides, It has been reported that the
5� UTR of eukaryotic cellular mRNA can cross-talk with its
3� UTR in protein translation to inXuence gene expression
(Komarova et al. 2006). Located in the 5� UTR of DRD1,
the rs4532 polymorphism may also aVect DRD1 expres-
sion. New evidence that the rs4532 polymorphism is of
functional importance came from a preliminary pharmaco-
genetics study. On positron emission tomography scans,
Potkin et al. (2003) observed that brain regional metabolic
and clinical responses to clozapine in treatment-resistant
schizophrenic subjects were signiWcantly related to the
genotype at the Dde I polymorphism site.

Polymorphism rs686 had a subtle inXuence on gene
expression in our in vitro reporter assay. Such an inXuence
is possibly caused by either direct or indirect microRNA
(miRNAs) targeting, an emerging class of regulatory
genes with about 20–25 nucleotides (Lewis et al. 2005),
could regulate mRNAs homeostasis in the cell. It has
been estimated that the 3� UTRs of more than a third of
coding genes are targeted by miRNAs (Bartel 2004). The
binding of miRNAs to an mRNA 3� UTR can initiate
mRNA degradation or translational repression, which post-
transcriptionally regulates gene expression (Bartel 2004).

Fig. 2 rs686 aVects expression of chimeric luciferase gene bearing
DRD1 3� UTR. a Plasmid constructs for luciferase reporter assay. The
3� UTR of DRD1 with rs686 G or A allele was cloned to fuse with Wre-
Xy luciferase reporter gene (in pLuc) to form chimeric gene (in pLuc-
3UTR/C or pLuc-3UTR/T). Sequence around rs686 in 3� UTR of hu-
man DRD1 was aligned with its counterparts from mouse and rat,
which demonstrates that rs686 is located in conserved region. The A/G
transition of rs686 is shown as C/T transition in cDNA sequence, so-
called Bsp 1286I (T1403C) polymorphism. b Luciferase activities in
vector-transfected cells. Chimeric reporter gene with DRD1 3� UTR in
pLuc-3UTR/C (rs686G) or pLuc-3UTR/T (rs686A) vector was com-
pared with control reporter gene without DRD1 3� UTR in pLuc vector.
Luciferase activities in human neuroblastoma SH-SY5Y cells were
measured after 48 h of cell transfection. Result is representative of
three independent experiments. Data shown as mean § SD (N = 4).
*: P < 0.05, paired Student’s t-test
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Polymorphism rs686 may cause diVerential stability of
DRD1 mRNA and thus aVect DRD1 expression. One possi-
bility is that rs686 resides right on the target site of an
miRNA, which directly aVects the miRNA binding to
DRD1 3� UTR. Another possibility is that rs686 changes
DRD1 mRNA secondary structure, which indirectly aVects
miRNA(s) binding to the DRD1 3� UTR. Nonetheless, fur-
ther experiments are needed to prove such a speculation
above.

Our study demonstrates that DRD1 is signiWcantly asso-
ciated with ND from both single SNP- and haplotype-based
analysis, and that polymorphisms rs686 and rs4532 repre-
sent two important SNP loci of the gene. We reveal that the
rs686 polymorphism is functional and propose that the
rs4532 polymorphism is functional as well. Both polymor-
phisms may aVect the DRD1 expression level and the den-
sity of the dopamine D1 receptor, and probably are
causative SNPs for ND. Because rs4532 resides in the
DRD1 5� UTR and rs686 in the 3� UTR, it will be of great
interest to investigate their synergistic eVects in DRD1
expression and in pharmacogenetic association with ND.
Future studies are required to uncover the relationships
among these two DRD1 polymorphisms, DRD1 expression
levels and dopamine D1 receptor densities, and ND, which
we hope will provide signiWcant insight into the pathophysio-
logical mechanisms of ND.
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